Arsenic sulfide (AS) has excellent cytotoxic activity in acute promyelocytic leukemia (APL) but its activity in solid tumors remains to be explored. Here we show that AS and cyclosporine A (CsA) exerted synergistic inhibitory effect on cell growth and c-Myc expression in HCT116 cells. AS inhibited the expression of PML, c-Myc, NFATc1, NFATc3, and NFATc4, while stimulating the expression of p53 and NFATc2. Knockdown of PML reduced NFATc1, NFATc2, NFATc3 and NFATc4 expression while overexpression of p53 stimulated NFATc2-luciferase activity that was further augmented by AS by binding to a set of p53 responsive elements (PREs) on the NFATc2 promoter. Additionally, overexpression of p53 suppressed NFATc3 and NFATc4. Reciprocally, NFATc3 knockdown enhanced p53 while reducing MDM2 expression indicating that NFATc3 is a negative regulator of p53 while a positive regulator of MDM2, consistent with its tumor-promoting property as knockdown of NFATc3 retarded cell growth in vitro and tumor growth in xenograft. In patients with colon cancer, tumor expression of NFATc2 correlated with superior survival, while nuclear NFATc1 with inferior survival. These results indicate that AS differentially regulates NFAT pathway through PML and p53 and reveal an intricate reciprocal regulatory relationship between NFAT proteins and p53 pathway.
calcineurin-NFAT pathway by binding to calcineurin to block the dephosphorylation of NFAT proteins [13] [14] [15] . NFAT play critical roles in numerous biological functions including angiogenesis, cardiovascular development, immune regulation, bone homeostasis, etc. [13] [14] [15] . More recently studies have shown that NFAT can be involved in the malignancies 16 . Many studies have shown that NFAT proteins can promote angiogenesis, enhance invasion, and induce cell proliferation in malignant cells. For example, NFATc1 was found to be overexpressed in many pancreatic cancers and promote proliferation 17, 18 . In CML cells NFATc1 conferred resistance to imatinib treatment by activating Wnt pathway 19 . NFATc2 was found to increase the invasiveness of breast cancer 20 . NFATc3 increased the aggressiveness of angiosarcoma 21 . However, other studies have also shown that NFATc2 and NFATc3 can induce cell arrest in some cancer cells acting as tumor suppressors 22, 23 . These findings indicate NFAT family members play different roles in different cellular context in the regulation of cell growth and differentiation.
In this study we have uncovered a novel and intricate mechanism of NFAT gene expression regulation by PML and p53 pathways by exploring the cytotoxic effect of AS in solid tumor cells. We found that AS and CsA synergistically inhibited cell growth and c-Myc expression indicating that AS and CsA share similar targets. Indeed, AS inhibited NFATc1, NFATc3, NFATc4, as well as PML and c-Myc, but stimulated NFATc2 and p53 expression. Knockdown of PML reduced the expression of all four NFAT proteins and c-Myc while knockdown of p53 or p53 inhibition by a p53 inhibitor abrogated the ability of AS to stimulate NFATc2 expression. Overexpression of p53 repressed both NFATc3 and NFATc4. Reciprocally NFATc3 repressed p53 and stimulated MDM2. Knockdown of NFATc3 inhibited cell growth in vitro and tumor growth in xenograft. P53 utilizes a set of NFATc2 promoter binding sites (PREs) to maintain its basal level but switches to a different set of PREs to drive its expression upon AS stimulation indicating an elegant regulatory mechanism by p53. In patients with colon cancer, tumor expression of nuclear NFATc1 was associated with inferior survival while tumor expression of NFATc2 correlated with superior survival. Our results reveal a novel mechanism operated by arsenic through modulating a previously unknown yet complex relationship involving NFAT, PML and p53 pathways. These results also have important implications in the regulation of many physiologic and pathologic processes involving NFAT pathway.
Results

AS and CsA synergistically inhibited colon cancer cell growth. We asked if AS and CsA in com-
bination might have synergistic cell killing effect in colon cancer cells. We treated HCT116, a colon cancer cell line carrying wild-type p53 with different concentrations of AS and CsA either alone or in combination. At 1.0 and 5.0 μ M CsA showed modest cell killing effect in both 24 and 48 hours (Fig. 1A, C1 .0 and C5.0). At 5.0 μ M AS showed modest killing at 48 hours (Fig. 1A, A5 .0). However, when AS and CsA were combined, the killing effect was much more profound and synergistic compared to either agent alone in both 24 and 48 hours ( Fig. 1A and Table S1 ). AS exerted potent inhibitory effect on c-Myc expression in a dose-and time-dependent manner (Fig. 1B,C) . By RT-PCR AS also inhibited c-Myc expression in a time-dependent fashion (Fig. 1D) . CsA showed modest inhibition on c-Myc at low concentration, but at 7.5 and 10 μ M it showed potent effect ( Fig. 1E) . When CsA and AS were combined, the inhibition on c-Myc was synergistic in both low and high dose levels (Fig. 1F) . These results suggested that AS and CsA affect a common signaling pathway and share similar targets.
AS inhibited NFATc1, NFATc3, and NFATc4, but stimulated NFATc2 expression transcriptionally. We asked if expression of NFAT proteins would be regulated by AS by treating HCT116 cells with different concentration of AS from 2.5 μ M to 20 μ M for 24 hours. AS indeed inhibited the expression of NFATc1, NFATc3, and NFATc4 ( Fig. 2A) , the inhibition was apparent on NFATc1 with 5 μ M and nearly complete with 20 μ M, while the inhibition on NFATc3 and NFATc4 was apparent with 10 μ M. Surprisingly AS stimulated NFATc2 expression ( Fig. 2A) , which was evident at 5 μ M. Both the inhibition on NFATc1, NFATc3, and NFATc4, and the stimulation on NFATc2 were dose-dependent. Similar results were obtained in other solid tumor cell lines including AGS gastric cancer cells that also contain wild type p53 (Fig. S1 ) indicating these findings are not limited to HCT116. We examined the time course and treated HCT116 cells with 10 μ M AS from 2 to 24 hours. The inhibition on NFATc1 and NFATc4 was apparent after 6 hours of AS treatment, and 12 hours for NFATc3, and for NFATc2 the stimulation was evident after 6 hours of AS treatment (Fig. 2B) . These results indicate that AS exerted potent but differential effect on the expression of four classic NFAT proteins. To investigate the mechanism of this effect by AS on NFAT gene family, we took advantage of pan-caspase inhibitor Z-VAD-FMK and proteasome inhibitor MG132. We found z-VAD-FMK had no impact on the AS effect over NFATc1 and NFATc2 or c-Myc expression (Fig. S2A) . MG132 showed no impact on the AS inhibition of NFATc1 expression (Fig. S2B) , but blocked the AS stimulation of NFATc2 expression (Fig. S2C) , suggesting that AS uses one mechanism to exert its inhibitory effect while another for its stimulatory effect. By performing RT-PCR to analyze the effect of AS on the mRNA transcription of NFAT genes, we found that AS markedly reduced the transcription of NFATc1, NFATc3, and NFATc4 (Fig. 2C,E,F) , while dramatically stimulated the transcription of NFATc2 (Fig. 2D ). These data demonstrated that the effect of AS on NFAT expression was at the transcriptional level.
AS inhibited PML mRNA and protein expression while PML knockdown reduced NFATc1, NFATc2, NFATc3, NFATc4 and c-Myc. Since PML is directly targeted by ATO for degradation in APL, we asked if the arsenic effect on NFAT could be mediated by PML. PML was previously shown to activate NFATc1 expression in Jurkat and EL4 cells 24 . We found that AS potently inhibited the protein expression of PML in HCT116 cells (Fig. 3A upper panel) . The inhibition of PML was observed as early as 2 hours after the treatment with 10 μ M AS. With 2.5 μ M or higher concentration for 24 hours AS nearly abolished PML protein expression (Fig. 3A lower panel) . By RT-PCR AS showed similar inhibition on the mRNA expression of PML (Fig. 3B) , indicating that AS regulates PML through transcription as well, in addition to its known effect through the proteasome 5 . This was also confirmed with decreased PML when HCT116 cells were treated with cycloheximide, a protein synthesis inhibitor, and with both cycloheximide and AS PML level was completely abolished (Fig. 3C ). PML knockdown with siRNA lowered the expression of NFATc1, NFATc2, NFATc3, NFATc4, and c-Myc (Fig. 3D ). This data indicates that AS differentially regulates NFAT expression, inhibiting all four classic NFAT proteins through repressing PML, but using a non-PML pathway to stimulate NFATc2 expression. In addition, such pathway must overcome the inhibitory effect of AS on PML to stimulate NFATc2.
NFATc3 knockdown inhibited colon cancer cell growth in vitro and in xenograft. NFATc1 was previously known to activate c-Myc 17, 18 . Consistent with this, we found that in HCT116 cells knockdown of NFATc1 resulted in decreased expression of c-Myc (Fig. 4A) . Knockdown of NFATc3 also markedly decreased c-Myc expression (Fig. 4B) , indicating c-Myc is a target of NFATc3 as well. By chromatin IP (ChIP), we confirmed that NFATc3 indeed bond to the c-Myc promoter (Fig. 4C) . While NFATc1 has been consistently shown to promote tumor growth, NFATc3 can be both stimulatory and inhibitory 16, 23 . Since NFATc3 activates c-Myc, suggesting it serves as a stimulatory transcription factor for HCT116 cell growth. Indeed, overexpression of PML stimulated NFATc3 and NFATc4 expression (Fig. 4D) , and knockdown of NFATc3 inhibited HCT116 colony formation (Fig. 4E , Giemsa staining) and proliferation as evidenced by the decreased Ki67 staining on the xenograft in nude mice (Fig. 4E, Ki67) . In nude mice xenograft, tumors that carried NFATc3 shRNA showed persistent knockdown of NFATc3 as demonstrated by immunostaining at day 22 (Fig. 4E , anti-NFATc3) and significantly slower growth (Fig. 4F ). These data indicate that NFATc3 promotes colon cancer cell growth and c-Myc is one of its target genes.
AS stimulated NFATc2 expression by activating p53. The fact that AS stimulation of NFATc2 expression was at the mRNA level and was sensitive to a proteasome inhibitor suggested that a factor regulated by both proteasome and transcription may mediate this AS stimulatory effect, such as p53. Indeed, p53 was readily activated by AS in HCT116 cells (Fig. 5A ) and AGS gastric cancer cells (Fig. S1) , both of which contain wild type p53. We examined the cells that contain a mutant p53 including SW480 colon cancer cells, MGC803 gastric cancer Table S1 ). cells and Panc-1 pancreatic cancer cells for NFATc2 expression after AS treatment. In these three cell lines, p53 expression was not stimulated by AS (Fig. S3) , and NFATc2 was not changed by AS in SW480 cells but inhibited by AS in MGC803 and Panc-1 cells similar to that of NFATc1, NFATc3, and NFATc4 (Fig. S3) . These results suggested that AS likely regulated NFATc2 through p53. Indeed, knockdown of p53 by an shRNA construct resulted in the loss of NFATc2 stimulation by AS (Fig. 5A,B) . In addition, p53 inhibitor Pifithrin (PFTα) blocked the stimulation of NFATc2 expression by AS (Fig. 5C ) 25 . These results suggest that NFATc2 is a direct target of p53.
Regulation of NFATc2 promoter in basal and activated state by p53. The promoter recognition by p53 is dependent on the p53 responsive elements (PREs) that share sequence homology consisted of two decamers 5′ -PuPuPuC(A/T)(T/A)GPyPyPy-3′ as well as DNA conformation [26] [27] [28] . For some genes, p53 recognizes a pentanucleotide 5′ -(TGPyCC) n -3′ instead for transcription stimulation 26, 27 . We analyzed the promoter region of NFATc2 for segments that might contain potential p53 binding sites using ChIP. We separated this promoter region into ten segments (Fig. 5D ). NFATc2 promoter contains several PREs and pentanucleotides (Fig. S4 ). In the absence of AS, p53 bond to the segments 2, 3, 4, 9, and 10 (correspond to − 2481 to − 2182, − 2181 to − 1883, − 1882 to − 1564, − 360 to − 66, and − 65 to + 220). Upon stimulation with 10 μ M AS for 12 hours, p53 binding sites were switched to the segments 4, 9, and 10 plus segment 8 (− 669 to − 361) (Fig. 5D ). This indicates that p53 uses different combination of binding sites on the NFATc2 promoter to maintain the basal and the activated expression. To confirm that these binding sites indeed are critical to the stimulation of NFATc2 by p53 and AS, we performed luciferase assay using a p53-overexpressing plasmid. With the promoter comprising of − 2481 to + 220, there was marked stimulation of NFATc2-luciferase activity by p53, and this stimulation was further augmented by the addition of AS (Fig. 5E , column − 2481 to + 220 without AS {− AS} and with AS {+ AS}). When both segments 2 and 3 were deleted, modest loss of p53 and AS stimulation was observed (Fig. 5E , column − 1882 to + 220 without AS and with AS), consistent with the ChIP data showing that these two segments served to maintain the basal level (Fig. 5D ). The deletion of segments 2, 3 and 4 abolished much of the stimulation ( (Fig. S4 ). When segments 8, 9 and 10 were deleted, p53 and AS stimulations were nearly completely abolished (Fig. 5E , column − 2481 to − 670 without and with AS), in contrast to the more modest decrease when only segment 10 was deleted (Fig. 5E , column − 2481 to − 66 without and with AS), consistent with the ChIP showing the emergence of segment 8 upon AS stimulation, suggesting that the combination of the p53 binding sites on this segment possibly serves as a critical switch for p53 activation of NFATc2 expression. Consistent with this data, segment 8 contains two pentanucleotides and at least one PRE (Fig. S4 ). These data also indicate that p53 activates NFATc2 independent of PML as a transcriptional cofactor 11 .
Reciprocal regulation of p53 and NFATc3, NFATc4, and NFATc2. To understand if p53 regulates PML, NFATc1, NFATc3, and NFATc4, we performed p53 knockdown experiment using a p53 shRNA construct. As shown in Fig. 6A , PML was suppressed by AS while p53 knockdown did not alter the basal level of PML or the effect of AS on PML. P53 knockdown did not change the basal level of NFATc3, however, it partially blocked the inhibitory effect of AS on NFATc3 (see AS+ p53 shRNA lane), suggesting that p53 was partially required by AS to suppress NFATc3 expression. Moreover, p53 knockdown dramatically increased the basal level of NFATc4 and partially blocked the AS inhibition of NFATc4 and restored NFATc4 expression to the untreated basal level (Fig. 6B ), indicating that p53 suppresses the basal expression of NFATc4 and that AS requires p53 for maximal suppression of NFATc4. Since AS inhibits PML but activates p53, how these two proteins work together to regulate NFAT proteins upon AS treatment remains unclear. PML is a positive regulator of all four classic NFAT proteins since its knockdown decreased their protein levels (Fig. 3D) , while p53 suppresses NFATc3 and NFATc4 but activates NFATc2. This was confirmed by p53 overexpression that inhibited both NFATc3 (Fig. 6C) and NFATc4 (Fig. 6D) . We next examined if NFATc3 reciprocally regulates p53. Indeed, NFATc3 knockdown increased the expression of p53 while decreasing the expression of MDM2 in both RKO and HCT116 cells (Fig. 6E) . These results indicate that p53 is a target gene of NFATc3, consistent with the cell growth-promoting effect of NFATc3 in vitro and in xenograft (Fig. 4E,F) by suppressing p53. Consistent with NFATc4 being the target of p53, knockdown of NFATc3 showed decreased NFATc4 expression (Fig. 6F) . We also knocked down NFATc2 with a shRNA construct and found that p53 expression was decreased, indicating that p53 was positively regulated by NFATc2 (Fig. 6G) . Consistent with this, knockdown of NFATc2 resulted in increased expression of NFATc4 (Fig. 6G) , as decreased p53 expression caused by NFATc2 knockdown would release NFATc4 from p53 suppression. In contrast, NFATc1 expression was not affected by p53 knockdown (Fig. 6H) . Tumor expression of nuclear NFATc1 was associated with inferior survival while NFATc2 with superior survival in patients with colon cancer. The AS suppression of NFATc1 is consistent with NFATc1's potential oncogenic role in colon cancer, while the stimulation of NFATc2 by p53 suggests NFATc2 may function as a tumor suppressor 22 . To determine if these laboratory observations provide clinical insight, we investigated the relationship of NFATc1 and NFATc2 tumor expression and the survival of patients with history of colon cancer. We selected a human colon cancer tissue array that contained a total of 90 cases with survival data and with adjacent normal colon tissue as control. This cohort of 90 cases recorded a median follow-up of approximately 84 months (see Materials and Methods and Table S2 ). We found that expression of NFATc1 and NFATc2 were both increased in the malignant tissues in comparison to the adjacent normal colon endothelium (Fig. 7A,B) . NFATc1 expression was more extensive compared to NFATc2 in both nucleus and cytoplasm (Fig. 7A,B) . All cases except one had positive cytoplasmic expression of NFATc1, and positive nuclear expression of NFATc1 was detected in 46 cases and not detected in 44 cases (Table S3) . Kaplan-Meier analysis shows positive nuclear expression of NFATc1 was significantly associated with worse survival (Fig. 7C) . The median survival in the 44 patients whose tumor was negative for nuclear NFATc1 expression was 69.8 months compared to 53.2 months in the 46 patients whose tumor showed positive nuclear NFATc1 expression (Table S3 ). NFATc2 expression was detected in 72 cases, and out of these 72 cases, 69 had cytoplasmic expression (Table S4) . Kaplan-Meier analysis showed that the patients whose tumor was positive for NFATc2 expression had significantly better survival than the patients whose tumor was negative for NFATc2 (Fig. 7D) . The median survival of these 72 cases was 64.5 months, significantly better than 49.4 months in the 18 patients whose tumor lacked NFATc2 expression (Table S4) . When Kaplan-Meier analysis was performed based on cytoplasmic expression of NFATc2, the 69 patients whose tumor was positive for NFATc2 in the cytoplasm had significantly better survival than the 21 patients whose tumor was negative for NFATc2 in the cytoplasm (Fig. 7E) , with the median survival being 66.6 months versus 44.8 months (Table S4) . Because age and stage showed statistically significant impact on the survival of these colon cancer patients on univariate analysis, we performed multivariate analysis including these two factors to confirm if the impact of NFATc1 nuclear expression and NFATc2 cytoplasmic expression on the survival were still significant (Table S5) . Positive NFATc2 cytoplasmic expression remained significantly associated with superior survival and positive nuclear NFATc1 expression remained significantly associated with inferior survival (Table S5 ). These data indicate that NFATc1 and NFATc2 played opposing role in the clinical outcome of the colon cancer patients. We also performed NFATc3 and NFATc4 immunostaining but found no correlation of their expression with patient survival (data not shown).
Discussion
By studying the cytotoxic effect of AS in solid tumor cells, we have uncovered a novel mechanism of NFAT regulation by PML and p53. Further, we have shown that p53 and NFAT proteins form a complex reciprocal regulatory relationship. This discovery indicates that PML and p53 are integral elements for the regulation of cell growth and differentiation governed by NFAT pathway. It was previously demonstrated that ATO inhibited PML by direct binding to PML protein and inducing its proteasome degradation 5 . Here, we have found that AS also regulates PML at the transcriptional level by potently suppressing its mRNA expression. This finding is significant as it indicates a potentially new mechanism for arsenic compounds to regulate cell growth and differentiation. Whether or not this transcriptional suppression of PML contributes to the arsenic killing of APL cells will be important to further investigate. Furthermore, knockdown of PML decreased the expression of all four classic NFAT proteins indicating PML is a positive regulator of all NFAT proteins and likely a key regulator of many biological processes modulated by NFAT. How PML regulates the pathologic and physiologic function of NFAT signaling will require further investigation. Because NFAT genes are involved in numerous pathologic and physiologic processes such as immune regulation, angiogenesis, cardiovascular development, bone homeostasis, neurologic development and many others [13] [14] [15] [16] , PML likely plays a critical role in modulating the magnitude of the effect played by NFAT in these processes by acting as a transcription co-regulator to fine-tune the level of NFAT expression in response to physiological and pathological stimuli.
We also showed for the first time that AS activated p53 to stimulate the expression of NFATc2 by binding to the NFATc2 promoter: p53 appears to occupy a set of the binding sites (PREs) to maintain the basal NFATc2 expression, but upon AS treatment p53 switches to utilize a different combination of the binding sites to drive NFATc2 expression. This elegant modulation of NFATc2 expression by p53 is surprising as NFATc2 has been shown in several cellular context to stimulate cell growth 14, 16, 18, 20, 28 . However, previously NFATc2 was also shown to cause cell growth arrest in NIH3T3 cells and inhibit stat5 activity in breast cancer cells 22, 29 . The direct stimulation of NFATc2 by p53 indicates a protective role of NFATc2 in preventing cancer progression. Consistent with this, our patient outcome data showed that tumor expression of NFATc2 was associated with significantly better survival. NFATc2 likely opposes the action of NFATc1, NFATc3, and NFATc4 in colon cancer cells as those tumors lacking NFATc2 expression most likely had a more aggressive clinical course driven in part by the unopposed actions of NFATc1, NFATc3, and NFATc4. NFATc1 has been shown to stimulate cell growth and invasion in several studies [19] [20] [21] [22] . Recently, NFATc1 was found to be associated with metastatic capacity and worse survival of stage II and III colon cancer 30 . Consistent with this, our data showed that NFATc1 expression was detected in nearly all colon cancers in our cohort, and in approximately 50% of these cases NFATc1 was expressed in both nucleus and cytoplasm, and nuclear expression of NFATc1 was associated with worse survival. It would be intriguing to further understand the mechanism underlying the differential actions of NFAT proteins.
In addition to its positive regulation of NFATc2, p53 negatively regulates NFATc3 and NFATc4. NFATc3 reciprocally inhibits p53. Knockdown of p53 increased while overexpression of p53 suppressed the expression of NFATc3 and NFATc4. NFATc3 knockdown increased p53 expression and led to decreased NFATc4. Moreover, NFATc3 stimulates MDM2 expression as its knockdown led to decreased expression of MDM2. NFATc3 knockdown reduced cell proliferation in vitro and tumor growth in xenograft consistent with its cell growth-promoting effect. PML upregulates NFATc1, NFATc3, and NFATc4 as its knockdown reduced the level of expression of all NFAT proteins and c-Myc, suggesting that PML may promote cell growth in colon cancer cells, a notion different than the previous findings in the leukemia and myeloma cells in which PML functions as a tumor suppressor gene and cooperates with p53 [7] [8] [9] [10] . In our findings p53 suppression of NFATc3 and NFATc4 appears to oppose the action of PML. NFATc1 does not appear to be affected by p53 knockdown. Whether or not NFATc2 and NFATc3 directly regulate p53 promoter and if p53 suppresses NFATc3 and NFATc4 by direct promoter binding remain to be investigated. We recently discovered that AS and JQ1, a specific BET bromodomain inhibitor, exerted synergistic cell killing and p53 activation in solid tumor cells, unveiling a potential key mechanism that mediates the arsenic effect 31 . In summary, our study has revealed a complex yet elegant relationship among NFAT, PML and p53 pathways as illustrated in Fig. 8 . These relationships include the stimulatory effect of PML on the expression of all four NFAT proteins that is differentially regulated by AS. AS suppresses PML to inhibit the expression of NFATc1, NFATc3 and NFATc4, while stimulates p53 to suppress NFATc3 and NFATc4 and activates NFATc2. NFATc2 positively regulate p53 while NFATc3 represses p53 expression, forming a positive feedback loop between NFATc2 and p53 while a negative feedback loop between NFATc3 and p53. Because AS potently stimulates p53 which likely overcomes its suppression on PML, leading to a net positive regulation of NFATc2 by p53. This is consistent with the previous finding that PML is not essential for p53 expression 12 . The complex relationships among NFAT, PML and p53 remain to be further explored. Because NFAT proteins regulate numerous physiologic and pathologic processes, the discovery of the role of PML and p53 in regulating NFAT expression provides a new direction for understanding the complex yet intriguing world of NFAT gene family.
Materials and Methods
Cell lines, animals, and reagents. HCT116, AGS, RKO, SW480, MGC803, and Panc-1 cell lines were obtained from the Chinese Academy of Sciences Committee Type Culture Collection cell bank (China). AGS and MGC803 cells were cultured in DMEM/F-12 1:1 medium (Thermo Fisher Scientific). HCT116, SW480, Panc-1 and RKO cells were grown in DMEM media (Hyclone, USA) at 37 °C and 5% CO 2 , supplemented with 10% fetal bovine serum (Gibco, USA). Nude mice BALB/c-nu (4 weeks of age, male, 16-18 g, n = 10) were purchased Reagents and antibodies. AS (As 4 S 4 ) was generously provided by Shanghai Institute of Hematology, Rui Jin Hospital Affiliated to Shanghai Jiao Tong University School of Medicine. As 4 S 4 was dissolved in PBS for 12 hours, filtered through a 0.22 micron filter, and its concentration was measured by Inductively Coupled Plasma Mass Spectrometer (ICP-MS) (7500a, Agilent, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), MG132, and Pifithrin α ☐ (PFTα ) were purchased from Sigma-Aldrich, Z-VAD-FMK from Promega, EDTA-Trypsin from Gibco. Antibodies for c-myc, NFATc2 and p53 were purchased from Cell Signaling Technology, for NFATc1 (for western blotting) and NFATc3 from Santa Cruz Biotechnology, for NFATc4 and PML from Abcam, and for β -actin from Proteintech. Chromatin IP-Validated Monoclonal anti-p53 was purchased from Sigma-Aldrich. Anti-Ki67, HRP-labeled Goat Anti-Rabbit IgG and HRP-labeled Goat Anti-Mouse IgG were purchased from Beyotime.
MTT assay. Cells (5 × 10 3 cells/well, 90 μ l) were plated into 96-well plates. Ten μ l MTT (5 mg/ml) was added to each well and incubated at 37 °C for 4 hours, then 150 μ l SDS was added to each well and incubated at 37 °C overnight. The absorbance at 562 nm was measured using a microplate reader (Bio-TEK, USA). Cells incubated without any treatment were used as control. Culture medium without cells was used as blank control. Each sample was assayed in quadruples. It was denoted that the percentage cell viability = (average OD of experimental groupaverage OD of blank control group/average OD of control group -average OD of blank control group) × 100%.
Quantitative Real-Time RT-PCR. Total RNA was isolated from HCT116 cells using TRIzol reagent (Takara), and quantity was determined using a NanoDrop ND-1100 (NanoDrop Technologies). cDNA was synthesized using 1 μ g of total RNA with the one-step Prime Script RT reagent kit (TaKaRa, Dalian, China). Transcript levels of cDNA were measured utilizing a 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) with SYBR Premix Ex Taq (TaKaRa). GAPDH was used as an internal control for normalization. Please see Supplementary Information for the oligonucleotide primers used.
Western blotting. Cell lysates were extracted using enhanced RIPA Lysis Buffer (Beyotime) containing 1% dilution of the Phenylmethanesulfonyl fluoride (PMSF) (Beyotime). Protein concentrations were determined using a microplate reader (Bio-TEK, USA) with the enhanced BCA Protein Assay kit (Beyotime). Equal amounts of protein in each lane were separated by 8-10% SDS-PAGE and transferred to a 0.45 μ m PVDF membrane (Millipore, Billerica, MA, USA). After blocking the membrane in 5% nonfat-milk, the membrane was incubated with primary antibodies at 4 °C overnight, followed by incubating with labeled secondary antibody at room temperature for 1 hour, washed, added Immobilon Western Chemilum HRP Substrate (Millipore, USA) and image was acquired using GelDoc XR System (Bio-rad, USA).
Transfection, shRNA-containing lentivirus infection, and siRNA. Plasmid (pCMV6-AC-GFP) carrying PML was purchased from ORIGENE. Plasmid (pCDNA3.1) carrying P53 was purchased from Genechem (China). To overexpress PML or p53, HCT116 cells were cultured in a 6-well plate to 75-85% confluence. A mixture of 10 μ l Lipofectamine 2000 reagent (Invitrogen) and 4 μ g plasmid DNA was used to transfect each well in the absence of serum. After 6 hours, the medium was replaced with 10% FBS DMEM for additional 18 hours before analysis. Lentiviruses (hU6-MCS-CMV-EGFP) carrying an shRNA targeting p53 (shp53) or a control shRNA were gifts from H. Chen laboratory at Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine. Lentiviruses (pHBLV-U6-Zsgreen) carrying NFATc2 (shNFATc2) and NFATc3 shRNA (shNFATc3) were provided by HanBio (China). To knock down p53, NFATc2, or NFATc3, HCT116 cells were grown to 30-40% confluency in 6-well culture plates and then infected with lentivirus carrying shRNA. The infection efficiency was monitored by fluorescence microscopy for GFP expression and also confirmed by protein level of the targeted gene. Approximately 90% infection efficiency was confirmed in each experiment (Fig. S5) . After 10 hours of infection at 37 °C, cells were washed and incubated with fresh medium for additional 86 hours before analysis (medium was replaced daily). For siRNA, HCT116 cells were transiently transfected with a siRNA targeting PML (siPML) (Genechem, China) or NFATc1 (Santa Cruz Biotechnology) or a control siRNA (Genechem, China) in Opti-MEM (Invitrogen) using lipofectamine 2000. The transfection solution was removed from the cells and replaced with fresh medium after 6 hours, and cells were incubated for additional 42 hours before harvest. Please see Supplementary Information for the shRNA and siRNA sequences.
Colony formation and xenograft experiment. HCT116 cells were trypsinized to generate a single-cell suspension, and 2000 cells/dish were seeded into 10 cm dishes. Dishes were returned to the incubator for two weeks, and the colonies were fixed with 4% paraformaldehyde for 15 min at room temperature and then stained with Giemsa staining fluid for 30 minutes. For xenograft, 5 × 10 6 HCT116 cells expressing shNFATc3 (NFATc3 shRNA) were subcutaneously injected into the flank of nude mice, while the same number of HCT116 cells containing control shRNA was injected into the opposite flank of the same mice as a control. Growth curves were plotted based on mean tumor volume within each experimental group at the indicated time point. Tumor dimensions were measured every 2 days using a digital caliper, and the tumor volume was calculated using the following formula: V = ½(larger diameter) × (smaller diameter) × (smaller diameter) 32 . The expression of Ki67 and NFATc3 in the tissues was detected by immunohistochemical staining.
Chromatin immunoprecipitation (ChIP) assay. ChIP assays were performed with the Agarose ChIP kit (Pierce, USA) according to the manufacturer's instructions. After treatment with or without 10 μ M As 4 S 4 for 12 hours, HCT116 cells were subjected to cross-linking with 1% formaldehyde. Glycine solution was then added and DNA was sonicated to an average size of 100-300 base pair by an ultrasonic cell disruptor (Diagenode, Belgium). Co-immunoprecipitation was performed overnight at 4˚C with ChIP-Validated Monoclonal Anti-p53 (Sigma-Aldrich) or anti-NFATc3 by incubation at 4 °C for overnight on a rocking platform. Precipitates were washed and samples were extracted twice with elution buffer, heated at 65 °C to reverse crosslinks and DNA fragments were purified with phenol/chloroform and suspended in normal saline and used for RT-PCR. Please see Supplementary Information for the primer sequences.
Luciferase reporter assays. HCT116 cells were seeded at the density of 2 × 10 5 /well in 48-well plates, NFATc2-luciferase reporter was cotransfected with pCDNA3.1-p53 plasmid using Lipofectamine 2000. Cells were incubated at 37 °C with 5% CO 2 for 24 hours. After replacement with fresh medium, cells were treated without or with 10 μ M As 4 S 4 for 12 hours. Luciferase activities were determined using a Dual-Glo Luciferase Assay System (Promega) in the SpectraMax M5 (USA).
Human colon cancer TMAs, immunohistochemical staining and scoring. The tissue microarrays (TMAs) containing 90 human colon cancer samples and adjacent normal colon tissues were purchased from Shanghai Outdo Biotech Co., Ltd. Median followup for this cohort of patients was approximately 8 years. The complete data of patient characteristics was available for all except two cases (Table S2) . Immunohistochemical stains were performed according to the manufacturer's protocol. Briefly, the tissue was deparaffinized, rehydrated, and pretreated for a heat-induced antigen retrieval step in sodium citrate (PH 5.96). Endogenous peroxidase activity was blocked by 0.3% H 2 O 2 in methanol. After washing in phosphate-buffered saline, the samples were incubated 0.5 hours at 37 °C with a 1:6000 dilution for NFATc1 antibody (Sigma), and 1:500 dilution for NFATc2 antibody (Cell Signaling Technology, # 5861). After three washes with PBS, sections were incubated with secondary antibody (EnVision ™ + /HRP anti-rabbit/mouse immunohistochemistry kit, Dako). Sections were counterstained with hematoxylin. Two independent investigators unfamiliar with the clinico-pathological data determined the immunoreactivity score (IRS) for all the cases. For each case, three random fields were selected for scoring and a final average score of each slide was calculated in the final analysis. The staining results were evaluated based on the intensity of the staining and the percentage of cells stained positive 33, 34 . For the intensity evaluation, it was based on four levels: level 0, no staining; level 1, weak staining detected; level 2, moderate staining; level 3, strong staining detected. 0 to 12), For NFATc1, an IRS ≤ 2 is considered negative and IRS > 2 considered positive. For NFATc2, IRS = 0 is considered negative, and IRS > 0 is considered positive.
Statistical Analysis. Statistical difference between the relative intensity of NFATc1, NFATc2 staining in tumor sections and adjacent normal tissues was examined by the Wilcoxon signed rank test. The rest of continuous data were evaluated using independent T-test and paired T test. The association of NFATc1 and NFATc2 IRS in the malignant tissues with various clinico-pathological parameters was tested by Chi-square (X 2 ). Overall survival was analyzed with Kaplan-Meier curves (from date of surgery to death); differences in survival among patient subgroups were analyzed using the Log-Rank test. Seven patients were lost to follow-up after 64-67 months (2 cases at 64, 4 cases at 65, and 1 case at 67 months). COX regression was used for univariate and multivariate survival analysis. Multivariate survival analysis was performed on all factors that were found to be significant in univariate analysis. p < 0.05 was considered statistically significant (all, 2-tailed). SPSS software (version 19.00) was used for statistical analysis.
